Background: Chronic kidney disease (CKD) is associated with a high prevalence of atrial fibrillation (AF), but in this population the risk/benefit ratio of anticoagulant therapy with vitamin K antagonists (VKA) for thromboprophylaxis is uncertain. Summary: In end-stage renal disease (ESRD) patients undergoing hemodialysis, VKA seem less effective in stroke prevention than in the general population, with an increased risk of major bleeding. Recently, novel oral anticoagulant agents (NOACs) have proven to be effective for stroke prevention in AF and have demonstrated an improved safety profile compared to VKA. Limited data from post hoc analyses of controlled clinical trials suggest the safe and effective use of NOACs in patients with moderate renal impairment (i.e., estimated glomerular filtration rate, eGFR, between 30 and 50 mL/min). The question still remains whether NOACs can be used in patients with an eGFR <30 mL/min, since there are no studies addressing this subject. In fact, patients with CKD stage 4 and 5 were excluded from controlled clinical trials on anticoagulation therapy for stroke prevention in AF. Left atrial appendage (LAA) occlusion represents a nonpharmacological alternative for stroke prevention in patients with AF who are difficult to manage medically. Preliminary data indicate a similar efficacy and safety profile in patients with CKD compared to patients with normal renal function. Key Messages: Stroke prevention in patients with ESRD and AF represents a clinical challenge with poor evidence. LAA occlusion may become the standard of care for stroke prevention in patients with ESRD and AF.
Introduction
Atrial fibrillation (AF) is the most common cardiac arrhythmia in the general population with an estimated prevalence of 1-2% and is associated with an increased risk of thromboembolic complications, particularly stroke [1] [2] [3] [4] . Chronic kidney disease (CKD), regardless of severity, is associated with a higher prevalence of AF compared to patients with preserved renal function [5, 6] and is an independent risk factor for increased mortality [7] and stroke in patients with AF [8] . The overall prevalence of AF is approximately 12% among dialysis patients [9] . In patients with AF and preserved renal function, anticoagulation therapy markedly reduces the risk of thromboembolism, but is associated with an increased risk of bleeding. In patients with CKD (not end-stage renal disease [ESRD] ), the risk of bleeding due to vitamin K antagonists (VKA) is even greater, but the reduced risk of thromboembolic events is preserved [10] . Patients with ESRD undergoing hemodialysis represent a particular subgroup of patients in which anticoagulation therapy with warfarin seems to have an unfavorable risk/benefit ratio as it is less effective at preventing strokes and carries an increased risk of major bleeding [11, 12] . Recently, novel oral anticoagulant agents (NOACs) have proven to be effective in preventing strokes in AF and have demonstrated an improved safety profile, but these drugs are not effectively cleared in renal failure. Moreover, patients with CKD stage 4 and 5 were excluded from clinical trials on anticoagulation therapy for stroke prevention in AF. Left atrial appendage (LAA) occlusion represents a nonpharmacological alternative for stroke prevention in patients with AF who are difficult to manage medically.
Novel Oral Anticoagulants and CKD
Non-vitamin K-dependent oral anticoagulant agents, also known as NOACs, have been adopted in the last few years as alternative therapy to warfarin for thromboembolism risk reduction in patients with AF. These drugs have been shown to be equal or more effective than VKA at preventing thromboembolism, have an improved safety profile, and do not require continuous level monitoring. An important limitation of NOACs, besides their increased cost and our limited experience with their antidotes, is the fact that they all depend on renal elimination to a varying degree. There is a risk of drug accumulation in the presence of renal disease, particularly in patients with advanced CKD. Patients with an estimated glomerular filtration rate (eGFR) <30 mL/min were excluded in all 4 randomized trials comparing NOACs with warfarin [13] [14] [15] [16] , contributing to the lack of evidence regarding their use in patients with advanced CKD and ESRD. In fact, current cardiology guidelines for the management of patients with AF suggest not using NOACs in the setting of severe CKD [17, 18] . The 2016 guidelines of the European Society of Cardiology confirm this position with 1 caveat, apixaban can be administered in patients with an eGFR as low as 25 mL/min. Dose adjustments are suggested in patients with eGFR between 50 and 30 mL/min for rivaroxaban and edoxaban as well as in patients with creatinine >1.5 mg/dL plus age ≥ 80 years or weight ≤ 60 kg for apixaban [19] . These indications are derived from post hoc analysis of the large trials comparing warfarin with the new drugs (see below). Despite this, data from the Fresenius Medical Care records show there is a considerable number of patients with AF and eGFR<30 mL or on hemodialysis taking NOACs (23.5 and 11.6%, respectively) [20] . The kidney, primarily through renal filtration, eliminates these drugs, so in patients with CKD the pharmacokinetics are altered and their half-life is increased. Dosage and frequency of administration must be corrected to avoid problems with accumulation and toxicity.
Renal function is estimated by a variety of equations. Historically, these calculations have been based on the value of plasma creatinine. Currently, however, the most validated equations to estimate GFR are the Modification of Diet in Renal Disease (MDRD) [21] and Chronic Kidney Disease Epidemiology (CKD-EPI) [22] . Patients enrolled in the trials that compared NOACs with warfarin were included or excluded from the studies based on eGFR values calculated by the older Cockcroft-Gault formula instead of the more current equations [23] . Furthermore, these formulas can be used only in patients with stable creatinine values. They lose reliability in patients with fluctuating creatinine as in the case of patients in acute renal failure. In contrast to warfarin, which is exclusively hepatically metabolized, all NOACs have some level of renal elimination. For example, renal elimination accounts for 80% of the drug elimination for dabigatran, 36% for rivaroxaban, 27% for apixaban, and 50% for edoxaban. Furthermore, the binding of different NOACs with plasma proteins varies greatly. High protein binding makes some of these drugs virtually nondialysable. The levels of protein binding range from 35% for dabigatran, 55% for edoxaban, 87% for apixaban, and up to 95% for rivaroxaban. In the absence of reversal agents (the only one currently available is idarucizamab, a reversal agent of dabigatran) or the ability to dialyze, accumulation of these drugs can cause severe bleeding.
Currently, 4 NOACs have been approved by the European Medicines Agency (EMA) and the Food and Drug Administration (FDA): dabigatran, rivaroxaban, apixaban, and edoxaban. The only direct thrombin inhibitor is dabigatran, while the other 3 act by inhibiting factor Xa activation. Randomized trials have been performed using these 4 agents, comparing their safety and efficacy to warfarin [13] [14] [15] [16] . Post hoc analyses were also performed, analyzing the subgroup of patients with eGFR <50 mL/min.
The RE-LY study [13] , which excluded patients with an eGFR <30 mL/min, demonstrated the superiority of dabigatran (150 mg twice daily) compared to warfarin in terms of protection from thromboembolism, with an equal risk of hemorrhage. Using a lower dose of dabigatran (110 mg twice a day), provided the same level of protection from thromboembolism when compared to warfarin with a decreased risk of bleeding. A subgroup analysis comparing warfarin with dabigatran in relation to baseline renal function showed that the efficacy of dabigatran was maintained irrespective of eGFR, but both dabigatran dosages displayed significantly lower rates of major bleeding in patients with eGFR ≥ 80 mL/min [24] . However, although the eGFR decreased gradually over time in both patients treated with warfarin or dabigatran, the decline in eGFR was significantly lower in the highand low-dose dabigatran group [25] , suggesting a possible nephroprotective effect of this NOAC.
The ROCKET-AF [14] study demonstrated a noninferiority of rivaroxaban against warfarin in the prevention of thromboembolic events, with no difference in bleeding. This study excluded patients with an eGFR <30 mL/min and adjusted doses based on eGFR. Patients with eGFR >50 mL/min took 20 mg/day of rivaroxaban, while those with eGFR between 30-50 mL/min took 15 mg/day. There was no significant difference in rivaroxaban's efficacy and risk of hemorrhage in both groups [26] .
The ARISTOTLE study [15] compared the use of apixaban with warfarin and included patients with a plasma creatinine up to 2.5 mg/dL. Patients were randomized to a low-dose (2.5 mg twice daily) and high-dose (5 mg twice daily) apixaban group. Patients who had at least 2 risk factors: creatinine between 1.25 and 2.5 mg/dL, age >80 years old or body weight <60 kg were placed in the low dose group, while the rest of the patients were placed in the higher dose group. The study demonstrated a superiority of apixaban in the protection of thromboembolism, compared with warfarin, with a lower incidence of bleeding events. A subgroup analysis, performed in patients with eGFR <50 mL/min, showed a similar trend with a nonsignificant reduction of thromboembolic events and a significant decrease in bleeding risk [27] . When the efficacy and safety as a function of the deterioration of renal function over time were investigated, apixaban maintained its advantage compared to warfarin, both in terms of protection from thromboembolic events and reduction of bleeding [28] .
The ENGAGE-AF study [16] included patients with eGFR >30 mL/min and had a different edoxaban dosing regimen for patients with a eGFR between 30 and 50 mL/min versus eGFR >50 ml/min. Subjects with eGFR between 30 and 50 mL/min were prescribed 30 mg of edoxaban twice a day versus 60 mg twice a day for patients with an eGFR >50 mL/min. The study showed no evidence of inferiority with edoxaban compared to warfarin in the prevention of stroke and systemic thromboembolism and a simultaneous reduction of bleeding events. Similar results were obtained in the subgroup analysis of patients with an eGFR between 30 and 50 mL/min [29] .
The information about the use of NOACs in ESRD patients is very scarce. Chan et al. [30] recently published data from Fresenius Medical Care records regarding the use of dabigatran and rivaroxaban in hemodialysis patients. They identified an increased risk of hospitalization or death from bleeding in patients receiving NOACs compared to those taking warfarin. Another study showed similar drug levels in 18 hemodialysis patients taking 10 mg/day of rivaroxaban compared to healthy volunteers taking 20 mg/day. There was, however accumulation of the drug after a few days despite receiving hemodialysis which had no effect on plasma concentrations of the drug [31] . Given its high rate of renal elimination, dabigatran accumulates when administered to patients with ESRD [32] ; however, it is the only of the 4 NOACs that is quickly eliminated by hemodialysis because of its low rate of binding to plasma proteins.
While EMA has not approved the use of any of the 4 NOACs in ESRD patients, the FDA approved apixaban in this patient population. This controversial decision was made due to the results of 2 small studies suggesting that a dose adjustment of apixaban is not required on the basis of renal function alone [33] [34] [35] . In 2014, the FDA approved a labeling change for apixaban, indicating that the full dosage of 10 mg/day can be prescribed to ESRD/dialysis patients. A reduced dose of 5 mg/day is only indicated with the presence of 1 of the following clinical characteristics: age ≥ 80 years or weight ≤ 60 kg. Moreover, recently FDA stated that administration of rivaroxaban 15 mg once daily will result in concentrations and pharmacodynamic activity similar to those observed in the ROCKET AF study [31] . However, clinical efficacy and safety studies with apixaban and rivaroxaban did not enroll patients with ESRD on dialysis or patients with a CrCl <15 mL/min; therefore, dosing recommendations are based on pharmacokinetic and pharmacodynamic (anti-FXa activity) data in subjects with ESRD maintained on dialysis.
In conclusion, there are limited data to suggest the safe and effective use of NOACs in patients with moderate renal impairment (i.e., eGFR between 30 and 50 mL/min). The question still remains whether NOACs can be used in patients with an eGFR <30 mL/min since there are no published studies addressing this subject. End-stage renal disease patients on hemodialysis with a high thromboembolic risk and demonstrated intolerance to vitamin K inhibitors could conceivably use apixaban (2.5 or 5 mg twice daily). Other options include using rivaroxaban at a reduced dose. There is a paucity of data to support the use of these agents in this patient population, so alternative, non-drug-related therapies, such as LAA closure, should be taken into consideration [36] .
In a recent clinical update published in the European Heart Journal , Piccini et al. [37] stated that LAA closure may be an alternative to oral anticoagulation for stroke prevention in patients with advanced CKD and AF, demonstrating the growing interest and attention of the clinical community to this particular population.
Percutaneous LAA Occlusion

Rationale and Clinical Evidence
Anticoagulation therapy represents the standard of care to prevent thrombus formation and cardioembolic events in patients with AF. European Society of Cardiology (ESC), American Heart Association (AHA) and American College of Cardiology (ACC) Guidelines recommend using the CHA2DS2-VASc Score to assess the risk of stroke in patients with AF. ESC Guidelines [19] recommend patients with risk factor(s) ≥ 1 to receive effective stroke prevention therapy. Antithrombotic therapy is not recommended in patients with AF (irrespective of gender) who are <65 years old and with lone AF, as they have very low absolute event rates. AHA/ACC Guidelines [38] recommend oral anticoagulation for patients with CHA2DS2-VASc ≥ 2. For patients with nonvalvular AF and a CHA 2 DS 2 -VASc score of 1, no antithrombotic therapy or treatment with an oral anticoagulant or aspirin may be considered. HAS-BLED is the most validated bleeding score for patients with AF in whom antithrombotic therapy is indicated. When the HAS-BLED score is ≥ 3, caution and regular review are appropriate, as well as efforts to correct the potentially reversible risk factors for bleeding.
Unfortunately, about 13-20% of patients at risk for thromboembolic events have an absolute or relative contraindication to oral anticoagulation therapy due to an increased risk of bleeding [39] [40] [41] . The majority of these patients are often those that are also at high risk for thromboembolic events. In fact, some clinical parameters assessed in the thromboembolic risk scores (arterial hypertension, advanced age, and previous stroke), are also predictors of risk of hemorrhagic events. A balance between risks and benefits must be assessed before starting patients on anticoagulation.
The LAA is the site of thrombus formation in at least 90% of cases of cardio-embolic events (stroke and acute embolic arterial ischemia), in patients with nonrheumatic AF [42] . The pathophysiology of thrombus formation in the LAA during AF includes: endothelial dysfunction, decreased blood flow, and activation of inflammatory/hemostatic cascade -a mechanism described by Virchow about 150 years ago known as "Virchow's triad" [43, 44] . The hypothesis that anatomical exclusion of the most common site of thrombus formation in patients with AF could prevent a large proportion of cardiac embolism is the rationale for considering LAA occlusion as an alternative to anticoagulation therapy. Surgical resection of the LAA was performed in patients with AF for the first time in the 1940s [45] . Multiple studies over the years have evaluated the safety and efficacy of LAA exclusion during cardiac surgery with equivocal results. One meta-analysis which included 3,653 patients from 7 relevant studies, suggested LAA occlusion effectively reduced the risk of stroke peri-and post-operatively, without a significant increase in complications [46] . Nevertheless, surgical removal of the LAA was never widely adopted due to a lack of consistent clinical evidence from large clinical randomized trials. Technical issues, such as bleeding during the procedure due to fragility of the LAA wall or incomplete closure of the LAA, contributed to the premature abandonment of the first randomized surgical trial to evaluate the effectiveness and safety of surgical exclusion of the LAA [47] . A randomized control trial is currently underway consisting of 4,700 patients with AF undergoing heart surgery (for other reasons) to have the LAA removed or not to establish the safety and efficacy of LAA exclusion [48] .
A variety of devices have recently been designed to percutaneously occlude the LAA. The PLAATO (percutaneous LAA transcatheter occlusion) was the first percutaneous LAA occlusion device and demonstrated an approximately 61% risk reduction for strokes when studied in 210 consecutive patients [49] . This device, however, is no longer being developed.
The Watchman (Boston Scientific, MapleGrove, MN, USA; Fig. 1 a) , a self-expanding nitinol cage with fixation barbs, covered with porous polyethylene membrane on the proximal face, received the CE mark (Conformité Européenne) in 2005 and is the only FDA-approved device for transcatheter LAA occlusion. The PROTECT-AF [50] [51] [52] is a multicenter, prospective randomized clinical trial comparing Watchman device with long-term warfarin therapy. It demonstrated the noninferiority of the Watchman device to traditional medical therapy using stroke, cardiovascular or unexplained death and systemic embolism as the primary end point at 1 year follow-up. The PROTEC-AF trial achieved statistical superiority for the composite primary efficacy end point at 4 years of follow-up. In this trial, the rate of procedure-related serious cardiovascular complications was 8.7%, mainly due to periprocedural pericardial effusion. The number of procedural adverse events was higher in the early period of device implantation. In the PREVAIL [53] study, implant success rate increased to 95% (from 90% of PROTECT) and procedural adverse events at 7 days decreased to 4.4%. A meta-analysis by Holmes et al. [54] included 2,406 patients with 5,931 patient-years of follow-up from the PROTECT-AF and the PREVAIL trials (and their respective continued access registries). They concluded that in patients with nonvalvular AF at increased risk for stroke or bleeding who are candidates for chronic anticoagulation, LAA occlusion with watchman device resulted in decreased rates of hemorrhagic stroke, cardiovascular/unexplained death, and nonprocedural bleeding compared to warfarin.
The Amulet device (AGA; St Jude Medical, Minneapolis, MN, USA, Fig. 1 b) , a newer model of the Amplatzer Cardiac Plug (ACP) device, is a self-expanding nitinol occluder of the LAA consisting of a lobe with fixation barbs (that anchors the prosthesis inside the appendage), a disk that seals the ostium of the appendage and a waist (that connects the lobe to the disk). Most of the clinical evidence for ACP and Amulet devices is from pooled multicenter registry data outside the US. A pooled analysis of 1,047 consecutive patients from 22 centers, reports a procedural success of 97.3% with 5% of periprocedural major adverse events [55] . Santoro et al. [56] reported an ischemic stroke rate of 0.8/100 person-years, an embolic event rate of 2.5/100 person-years and all-cause mortality of 2.5% over the follow-up period in a population of 134 patients implanted with an ACP device. A number of other devices are currently under development or clinical investigation (Cardia, WaveCrest, Occlutech, Lariat, LAmbre; Fig. 1 c-g ).
Patient Selection and Preprocedural Screening
The most commonly accepted indication for LAA occlusion is the prevention of stroke in patients with AF at high risk for thromboembolic events and contraindications to oral anticoagulants [57] . Interestingly, most of the data on safety and efficacy were obtained in patients without contraindications to anticoagulants. The indication of LAA occlusion as alternative to oral anticoagulation when medical therapy is possible remains a point of discussion. Dual antiplatelet therapy is generally indicated after the procedure for at least 1-6 months followed by the lifelong use of a single antiplatelet agent. Antiplatelet agents have a comparable hemorrhagic risk to that of warfarin, which is why the duration of dual antiplatelet therapy is kept to a minimum after the LAA is excluded. Often, the antiplatelet therapy is tailored according to the patient: balancing the risk of stroke and hemorrhagic events. Patients with advanced renal failure represent a particular population in which the best strategy for stroke prevention in the case of AF remains uncertain. NOACs are in fact not recommended in the presence of severe renal impairment. The use of warfarin may increase tissue calcification and atherosclerosis and at the same time exposes patients to an increased risk of bleeding. Moreover, patients with severe renal failure have been usually excluded from most important clinical trials. A recent registry study assessed the safety and efficacy of LAAO in 1,014 patients with available renal function: 375 with and 639 without CKD. Procedural and occlusion success were similarly high in all stages of CKD. No differences between patients with and without CKD were observed in periprocedural major adverse events. The annual rate of thromboembolic cerebral events and the observed bleeding rate were similar among patients with and without CKD. LAA occlusion seems to have a similar safety profile in patients with CKD compared to patients with normal renal function and offers an important reduction of stroke and bleeding rates in all stages of CKD, as compared to expected annual risk [58] . The indication for LAA closure for stroke prevention in patients with AF and renal disease should be discussed with a multidisciplinary team as well as with the patient, determining on a case by case basis the risks and benefits of anticoagulation versus LAA closure. Transesophageal echocardiogram (TEE) is the best imaging modality to assess LAA anatomy and rule out the presence of thrombus. Presence of thrombus is a contraindication to proceed with percutaneous LAA occlusion due to the risk of thrombus dislodgement. CT angiography can be useful in order to evaluate the shape and size of the appendage before the procedure.
Procedure Overview
Usually, the procedure is performed under general anesthesia with TEE and angiographic guidance. Some operators have developed an expertise with intracardiac echocardiography (ICE) [59, 60] . The advantage of this technique is that the procedure can be accomplished without sedation. The theoretical disadvantage is the need for an additional venous access and images that may be limited compared to TEE. Once the femoral venous access is obtained with the Seldinger technique, a transseptal kit consisting of a sheath and a needle is advanced into the right atrium at the level of the septum. The transseptal puncture is performed under TEE or ICE guidance to facilitate left atrial catheterization and avoid complications such as cardiac tamponade. A bolus of unfractionated heparin is administered usually once the catheter is advanced into the left atrium. Angiographic images of the LAA ( Fig. 2 a) can typically be obtained in the right caudal or right cranial views. Angiographic measurements of the LAA can be compared with ones obtained by ICE or TEE to decide the correct device size. A delivery catheter is then advanced into the LAA, and the device is positioned under echocardiographic and fluoroscopic guidance with the aim to obtain a complete sealing and exclusion of the appendage ( Fig. 2 b-d) . After safety, stability, and efficacy assessments, the device is released and the delivery catheter is withdrawn. Hemostasis of the venous access site is generally obtained by mechanical compression. 
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Conclusions
Patients with AF and severe renal failure are at high risk for stroke and thromboembolism, but at the same time they are also at increased risk for serious bleeding events. This population has not been adequately studied as they have been excluded from most important clinical trials. This complicates the assessment of the risk/benefit balance of thromboprophylaxis in patients with renal disease. Warfarin has been for many years the only option for oral anticoagulation therapy, but data on patients with advanced renal failure show a high rate of bleeding events, with uncertain protection against thromboembolic events. Among patients with normal renal function, NOACs demonstrate a better safety profile and similar efficacy compared to warfarin. The use of NOACs in patients with mild and moderate CKD has been shown to have a good safety profile. Lau et al. [61] proposed an algorithm for oral anticoagulation choices in patients with AF and CKD with the possibility to prescribe apixaban 5 mg b.i.d. even in patients with CrCl <15 mL/min, or ESRD on renal replacement therapy. NOACs, however, are usually not recommended in patients with ESRD because of the risk of drug accumulation since they are dependent, to some extent, on renal elimination.
A promising therapeutic option is the anatomical exclusion of the site of thrombus formation with the percutaneous occlusion of the LAA, and preliminary data indicate that it seems to have a similar efficacy and safety profile in patients with CKD compared to patients with normal renal function. Figure 3 shows a proposed algorithm for the treatment of patients with AF and CKD. Further investigations are indicated to evaluate the best strategy for thromboprophylaxis in patients with AF and severe renal disease.
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